phospholipid species, sphingolipids, and others), z10% neutral lipids (primarily free cholesterol and small amounts of triglycerides and free fatty acids), and z10% surfactant proteins (A-D). Surfactant phospholipids and proteins are essential for the surface tension-lowering properties of surfactant, whereas the cholesterol content regulates its fluidity and varies inversely with environmental temperature to maintain surfactant's biophysical properties, which are of particular importance in cold-blooded or hibernating animals (3) . Surfactant lipid composition is important, and homeostasis is tightly controlled by balanced secretion by type 2 alveolar epithelial cells and clearance by these cells and alveolar macrophages in roughly equal proportions. GM-CSF is required for surfactant clearance by alveolar macrophages (4) (5) (6) , and interruption of the GM-CSF signaling pathway at various locations can cause PAP (4, (7) (8) (9) (10) . Previous studies that focused on the phospholipid fraction of surfactant and demonstrated that the relative proportion of phospholipid components was preserved in patients with PAP (11) and GM-CSF-deficient mice (5) led to a widely held belief that surfactant composition was relatively unaffected (except for the accumulation of uncleared debris) and that PAP pathogenesis was caused by impaired catabolism of phospholipids in alveolar macrophages (12) ; however, no such mechanism has ever been identified. Recently, examinations of total surfactant lipids (i.e., both polar and neutral lipids) rather than just the polar lipid fraction identified cholesterol (free and esterified) as the predominant lipid accumulating in alveolar macrophages, and demonstrated that the ratio of cholesterol to phospholipids in BAL was markedly increased in PAP in mice and humans ( Figure 1B ) (13) (14) (15) .
In a study reported in this issue of the Journal, Griese and coworkers (pp. 881-887) examined the alveolar "lipidome" in patients with PAP (16) . Importantly, they comprehensively quantified all lipid species and included data from patients with a variety of PAP-causing diseases, including 14 with autoimmune PAP, 13 with MARS mutations, 2 with FARSB mutations, 3 with hereditary PAP caused by CSF2RA mutations, 1 with Niemann-Pick type 2, and 1 with chronic myeloid leukemia. Importantly, they demonstrated that the lipidome was similar among these mechanistically diverse PAP-causing diseases. As expected, surfactant proteins A, B, and D were all increased in PAP and phosphatidylcholine levels were 17-fold higher than normal. Moreover, there was only a small (four-to sevenfold) increase in phosphatidylethanolamine and phosphatidylserine, respectively, suggesting that lipids derived from cellular debris make only a minor contribution to the altered lipidome of PAP. In contrast, there was a large (54-fold) increase in lysophosphatidylcholine, suggesting increased activity of phospholipase A2, the expression of which is known to be increased in alveolar macrophages of Cfs2b 2/2 PAP mice. Importantly, there was a 60-fold increase in free cholesterol and a 24-fold increase in esterified cholesterol in PAP compared with healthy control samples. However, the ratio of free cholesterol to phospholipids was only elevated twofold above that observed in healthy control subjects, and there was no change in the ratio of esterified cholesterol to phospholipids. Interestingly, there was a 130-fold increase in ceramide and other sphingolipids, which may play an important role in the pathogenesis of PAP by contributing to an apoptotic alveolar environment. It is important to note that fold changes in the concentration of lipid species should be interpreted with care, as the absolute concentration of certain lipids may be less important than the proportional ratio to other species and vice versa. It was previously demonstrated that small changes in the total concentration, but a relative increase of threefold in cholesterol and cholesteryl esters, were associated with macrophage dysfunction in the absence of GM-CSF signaling (14) . Hence, the mechanistic implications of fold changes likely depend on the individual lipid components.
Results from this study provide insight into the alveolar lipidome in PAP, with mechanistic implications for disease pathogenesis and therefore potential therapeutic targets, and provide potential biomarkers to monitor disease progression and/or therapeutic response. An important observation of the study is that the alveolar lipidome was altered similarly across a range of mechanistically distinct PAP-causing diseases, suggesting the presence of a final common pathogenic mechanism-perhaps the disruption of cholesterol metabolism that results in the development of foamy alveolar macrophages due to esterification and storage of cholesterol in intracytoplasmic lipid droplets (a cellular protective mechanism). Griese and colleagues found that the ratio of free cholesterol and esterified cholesterol to phospholipids was 2:1 and 1:1, respectively, whereas previous studies demonstrated a threefold increase (14, 15) . The Figure 1 . Schematic illustration of mechanisms that regulate alveolar surfactant metabolism and the disruption of these mechanisms in pulmonary alveolar proteinosis (PAP), the change in the cholesterol/phospholipid ratio in PAP, and the fold increase in various lipid species in PAP. (A) The various PAP-causing diseases classified as primary, secondary, or congenital PAP, and represented by the pathogenic mechanism (red text), can also be grouped as disorders of surfactant production or clearance (indicated) (see also Reference 2). (B) Recently, the ratio of surfactant cholesterol to phospholipids was found to be increased in PAP caused by disruption of GM-CSF (granulocyte-macrophage colony-stimulating factor) signaling in humans and mice (see References 14 and 15) . (C) By carefully examining the composition of surfactant from patients with PAP and healthy control subjects collected by BAL, Griese and colleagues found that PAP caused by distinct mechanisms (including GM-CSF autoantibodies; genetic mutations in CSF2RA, MARS, FARSB, and NPC2; and myeloid leukemia) shared a similar pattern of altered surfactant composition, which is characterized by a large increase in the amount of free and esterified cholesterol and large fold increases in the normally small fraction of ceramide and other sphingolipids (16) . See text for further details. SP = surfactant protein.
small differences between these studies might be explained by differences in sample preparation; for example, Griese and colleagues used centrifugation of BAL to remove cells from the surfactant before analysis, which was not done in the prior studies. Importantly, esterified cholesterol is produced within alveolar macrophages in PAP, and thus they may have underestimated the true proportion of esterified cholesterol present in the alveolar macrophages from patients with PAP. One limitation of the study is that inhibitors of lipid oxidation were not included in the sample preparation and storage, which could have affected the concentration of oxidized lipid species. Such lipid species have specific roles in modulating macrophage functional processes, particularly oxidized derivatives of cholesterol (oxysterols), which act through the LXRa pathway (10). It is also unclear whether the lipidomic profile in individuals correlates with their clinical phenotype, including the presence or absence of fibrosis-this is an area that requires further exploration. Finally, assessing dynamic changes in the alveolar lipidome may be a novel method to monitor the therapeutic response to inhaled GM-CSF or emerging cholesterol-targeted strategies. n 
